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Abstract
An extreme cold surge event caused record-breaking low temperatures in East Asia during 20 – 25 January 
2016. The planetary- and synoptic-scale feature of the event is investigated quantitatively using the isentropic 
cold air mass analysis with a threshold potential temperature of 280 K. Because cold air mass is an adiabatically 
conservative quantity, it is suitable for tracing and examining the extreme cold surges. We further introduced a 
metric named mean wind of cold air mass, which divides the factor of cold air mass evolution into convergence 
and advection parts. The new metric allowed us to trace the evolution of the cold air mass with dynamic consis-
tency for a period of more than a week.
A thick cold air mass built up over southern Sakha by a convergent cold air mass flow during 16 – 18 January. 
It migrated westward and reached Lake Baikal. On 20 January, an intense Siberian High developed, with an east-
ward-moving mid-upper-level ridge, producing a strong surface pressure gradient over the coastal regions of the 
Asian continent. This ridge and a cutoff low to the adjacent east formed a northerly flow in the mid-upper tropo-
sphere. The resultant southward flow through the troposphere blew the cold air mass over 480 hPa in thickness 
to the subtropical region of East Asia, causing strong cold surges there on 24 and 25 January. 
The abnormality of the event is further quantified using extreme value theory. The cold air mass gradually 
became rare along the path of the cold air mass from Lake Baikal to eastern China, which experienced as thick 
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1. Introduction
The East Asian winter monsoon (EAWM), a dom-
inant circulation system in the northern hemisphere 
during boreal winter, strongly affects the weather 
and climate of East Asian countries (Ding and Sikka 
2006). In fact, the EAWM is characterized by a strong 
Siberian High (SH), an Aleutian low, and a strong 
pressure gradient between them, with resultant strong 
northerly or northwesterly winds at the surface (Zhang 
et al. 1997; Chang et al. 2006; Wang and Lu 2016). 
The activity of the EAWM shows various behaviors 
in a wide range of timescales such as intra-seasonal 
and interannual variation. The strong EAWM is often 
related with the invasion of cold and dry air, which 
causes accelerated northerlies and abrupt temperature 
drops throughout East Asia (Ding and Krishnamurti 
1987; Ding and Sikka 2006; Wang and Lu 2016). 
Such events, called cold air outbreaks (CAOs), are 
often associated with the southeastward expansion of 
the intensified SH (Ding and Krishnamurti 1987). Ac-
companying the CAO, cold air blows over continental 
East Asia, sometimes reaching the South China Sea in 
a short period (Chang et al. 1983; Zhang et al. 1997). 
This outburst of cold air (i.e., cold surge) shows pre-
vailing northeasterly movement near the surface and 
below 700 hPa (Ding 1990; Ding and Sikka 2006).
Intra-seasonal variations of the SH and EAWM are 
closely related to the middle- and upper-tropospheric 
circulation patterns. Some reports have described a 
relation among the EAWM activities, CAO occur-
rence, and the upper tropospheric wave-like patterns 
which propagate downstream across the Eurasian 
continent (Joung and Hitchman 1982; Zhang et al. 
1997; Park et al. 2014). Takaya and Nakamura (2005a) 
examined the “Wave-train (Atlantic-origin) type” 
circulation, which corresponds to a Eurasian (EU)-like 
pattern modulated by a planetary wave (Wallace and 
Gutzler 1981; Wang and Lu 2016). They found that 
the interaction between low-level cold anticyclonic 
anomaly and the upper-level wave train plays an 
important role in the dramatic intensification of both 
anomalies, which results in CAOs. Some other studies 
have demonstrated that the formation of atmospheric 
blocking on the subarctic region can modulate EAWM 
and engender CAO (e.g., Park et al. 2014). Takaya 
and Nakamura (2005b) suggested that in the “Pacific 
origin type” circulation pattern, which is similar to the 
Western Pacific (WP) teleconnection pattern (Wallace 
and Gutzler 1981), the blocking ridge over the north 
of the Sea of Okhotsk advects background cold air 
to the north of the Tibetan Plateau and brings CAO 
through a similar vertical interaction as the wave-train 
(Atlantic-origin) type.
Intense cold surges sometimes cause societal effects 
in the form of strong winds, extreme low tempera-
tures, and subsequent freezing rain or heavy snowfall 
(Ding and Krishnamurti 1987). The extreme cold 
surge events in January 2016 in East Asia have drawn 
considerable attention in both public and research 
communities. On 24 January 2016, snowfall was 
observed for the first time in 115 years at Amami- 
Oshima (refer to the sites in Fig. 1), Japan. Sleet fell 
in Okinawa prefecture, which had not recorded sleet 
since 1977. Rare snowfall/graupel was even observed 
in Guangzhou, the largest city of southern China. 
China National Climate Center (2017) reported that 
most areas of mainland China experienced a dramatic 
temperature drop during 20  –  25 January 2016, with 
record-breaking low temperatures at 69 sites. Taipei 
recorded its lowest temperatures in 43 years, and the 
minimum temperatures in Hong Kong dropped to 
3.1°C, the lowest in 59 years. Many weather organi-
zations and researchers had focus on the large-scale 
processes associated with this extreme CAO event 
(e.g., Oikawa and Kamiguchi 2016). Cheung et al. 
(2016) pointed out that strengthening of the strato-
spheric Aleutian anticyclone and blocking in the Ural 
region and North America jointly cause a split of the 
polar vortex and an abrupt phase reversal of the Arctic 
Oscillation (AO) index, which orients the circulation 
patterns more meridionally and is favorable for the 
a cold air mass as once in 200 years. The cold air mass itself shows little change in thickness. Therefore, the 
migration of a cold air mass over 540 hPa in thickness from northern Siberia is the major cause of this cold 
surge extreme.
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occurrence of CAO. To date, most earlier studies have 
elucidated the cause of cold surges from synoptic 
circulation or in terms of external large-scale forcing. 
Nevertheless, quantitative analysis of the cold air mass 
itself is currently unavailable for such extreme events.
To monitor the intensity and variation of cold 
surges readily and quantitatively, Iwasaki et al. (2014; 
referred to as I14 hereinafter) proposed a method of 
isentropic analysis that defines a cold air mass as an 
air mass below a threshold potential temperature. 
The method allows for a quantitative diagnosis of 
cold air and cold surges as cold air masses, which 
are generated by diabatic cooling alone. Without the 
diabatic process, cold air masses move as a conserved 
variable. The I14 study revealed two clear climato-
logical cold air mass streams by isentropic analysis 
of cold air mass flux: East Asian and North American 
cold streams. The East Asian cold stream grows over 
the northern part of the Eurasian continent, flows 
eastward, turns southeastward around Siberia, and dis-
appears over the western North Pacific Ocean. Shoji 
et al. (2014) defined several indices to reproduce East 
Asian CAO as outflowing southward flux of cold air 
mass across 45°N. For instance, their western CAO 
index, which is defined by the integrated southward 
flux between 90°E and 135°E, corresponds to the 
developing SH and transient Okhotsk low. Abdillah 
et al. (2017) showed that the western CAO is correlat-
ed well with positive EU, negative WP, and negative 
AO patterns in an interannual timescale and that it is 
related with La Niña-like events. Kanno et al. (2015) 
analyzed the polar cold air mass and CAO using a 
two-box model of cold air mass, which comprises a 
genesis box north of 45°N and a loss box south of 
45°N. They found that after CAO, the increased cold 
air mass amount in the loss box is taken away only in 
a few days. The isentropic cold air mass analysis is 
also applied to case studies. For example, Papritz and 
Pfahl (2016) applied this method to the CAO in Ross, 
Amundsen, and Bellingshausen Seas. They found the 
importance of mesocyclones for the decay of CAO, 
which cause fragmentation of CAO and incursion 
of warmer air, and for the role of latent heat release 
accompanying sensible heating as an agent effecting 
CAO erosion.
To date, understanding of the dynamical linkage be-
tween CAO and synoptic or large-scale circulations in 
a view of isentropic cold air mass remains insufficient, 
especially for the extreme events of CAO that cause 
record-breaking low temperatures and rare snowfall 
in East Asia. A recent study showed that, during 
the extreme event in January 2016, the intensity of 
the East Asian cold stream is the strongest since the 
winter of 1981/1982 (Oikawa and Kamiguchi 2016). 
In the present paper, we further apply the isentropic 
cold air mass framework of I14 to investigate this ex-
treme CAO event. We specifically examine the origin, 
development, and path of the cold surge as well as its 
relation to large-scale circulations.
This paper is organized as follows. Section 2 in-
troduces the data and analysis methods used for this 
study. Section 3 presents the circulation field associ-
ated with the extreme CAO event of January 2016. In 
Section 4, we investigate this CAO event using the 
isentropic cold air mass framework. The cold surge is 
described as a flow of thick cold air mass. We also in-
vestigate the formation processes, migration route, and 
decay stage of the cold air mass. Section 5 presents 
visualization of the rarity of the CAO event. In Sec-
tion 6, we discuss the relation among the evolution of 
cold air mass, the synoptic or large-scale mid-to-lower 
level circulation field, and upper-level circulations. A 
summary of findings is presented in Section 7.
2. Data and methods
2.1 Data source
For this study, we use the Japanese 55-year Re-
analysis (JRA-55) with a spatial resolution of 1.25° 
latitude × 1.25° longitude at 37 pressure levels (1000 
to 1 hPa) with an interval of 6 hour (Kobayashi et al. 
2015). The climatological mean, standard deviation, 
and other statistics are based on the 6-hourly data in 
Fig. 1. Map of eastern Asia. Shading shows topo-
graphy (m). Words are names of places men-
tioned in text. Five map points represent these 
locations: (1) Amami-Oshima, (2) Okinawa, (3) 
Taipei, (4) Guangzhou, and (5) Hong Kong.
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winter time (December to February) of the 50-year 
period of 1966/1967 – 2015/2016. In addition to ana-
lytical fields, we use a 6 hour forecast-mean heating 
rate due to long-wave radiative, convective, large-
scale condensation and vertical diffusion heating. 
We did not use the short-wave radiative heating rate 
because of negligible contribution.
2.2 Cold air mass analysis
To analyze the cold surge event, we use the formu-
las of cold air mass analysis derived in I14. The cold 
air mass is defined as a pressure difference between 
the geographical surface and the isentropic surface of 
the threshold potential temperature θT as
DP p ps T≡ − ( )θ ,  (1)
where ps signifies the surface pressure and p (θT) de-
notes the pressure on isentrope θ  = θT. This definition 
denotes the cold air mass thickness with a potential 
temperature below θT when the hydrostatic equilibri-
um condition is satisfied and when no static unstable 
layer exists. We set θT = 280 K as in I14. The cold air 
mass flux is defined using horizontal wind v as shown 
below
F v≡
( )∫p
p
T
s
dp
θ
.  (2)
The formula of the time variation of the cold air mass 
(1) can be written as
∂
∂
=−∇⋅ +
∂
∂t
DP p
T
F
θ
θ
θ
 ,  (3)
where θ˙  denotes the total derivative of the potential 
temperature, which corresponds to diabatic heating. 
The first term on the right-hand side represents the 
cold air mass rate of change because of the conver-
gence of the cold air mass flux (2), and the second 
term stands for the effect of diabatic heating/cooling 
at θT isentrope.
Combining (1) and (2), we may define a mean wind 
of the cold air mass:
v Fm ≡ ⋅
−DP 1.  (4)
The benefit of such a vector is to divide the cold air 
mass flux (2) into two components that are contribut-
ed, respectively, by the amount of cold air mass and 
by the wind field. Using this definition, we can rewrite 
the formula of the time variation of the cold air mass 
(3) as shown below
∂
∂
=− ⋅∇( ) − ∇⋅( )+
∂
∂t
DP DP DP p
T
v vm m θ
θ
θ
 .  (5)
The convergence of the cold air mass flux in (3) (the 
first term on the right-hand side) is divided into the 
first two terms on the right-hand side of (5). The first 
term denotes the advection of the cold air mass by 
the mean wind of the cold air mass. The second term 
denotes the convergence of the mean wind of the cold 
air mass that might reflect a build-up of cold air mass 
by convergence when positive. In a limit of shallow 
cold air mass, which means that air below θ  = θT is 
confined to the ground surface and has very shallow 
thickness, vm converges to a wind at the level of p = 
ps . Therefore, we define vm as the surface velocity (10 
m velocity of the JRA-55 dataset) on the region where 
DP is zero. This definition causes a difference only 
on the DP = + 0 contours in the time variation of the 
cold air mass. Therefore, we omit the description of 
the mean wind where the cold air mass is zero, except 
in Section 5, where we treat the mean wind as the 
measure of the intensity of the wind which blows the 
cold air mass.
To include the information of coldness, we use the 
negative heat content as in I14:
ϑ θ θ
θ
≡ −( )
( )∫p
p
T
T
s
dp.  (6)
The negative heat content flux is given as shown 
below
NHF v≡ −( )
( )∫p
p
T
T
s
dp
θ
θ θ .  (7)
The relation between the negative heat content and its 
flux is written as follows:
∂
∂
=−∇⋅ −
( )∫t dpp
p
T
s
ϑ θ
θ
NHF  .  (8)
The first term on the right-hand side shows the neg-
ative heat content rate of change attributable to the 
convergence of the negative heat content fluxes. The 
second term on the right-hand side represents a diabat-
ic effect, which is the sum of diabatic heating/cooling 
from the surface to θT isentrope.
In our analysis, except Section 4.3, the diabatic gen-
eration/loss terms of the cold air mass (the last term 
of (3)) and negative heat content (the last term of (8)) 
are calculated conversely using (3) and (8), respec-
tively, using a time derivative of the cold air mass 
and convergence of its fluxes. In Section 4.3, cold air 
mass tendencies due to several diabatic effects are 
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calculated directly by the respective heating rate listed 
in Section 2.1.
2.3 Extreme value analysis
To quantify the abnormality of the CAO event that 
struck East Asia on 24 January 2016, we evaluate the 
return periods of the respective values using general-
ized extreme value (GEV) distribution. The cumula-
tive frequency function of GEV is a function having 
three parameters and might be written as follows: 
F x x; , , exp .
/
µ β ξ ξ µ
β
ξ
( )= − + −( )


{ }
−
1
1
 (9)
We first take the annual maximum values from the 
period of 1967 – 2016. Such data consisting of the 
max ima in a certain period are called the block 
maxima data. According to the theory of extreme 
value, the distribution of block maxima data can be 
approximated with GEV distribution in appropriate 
conditions (e.g., Takahashi and Shimura 2016).
In our study, package “ismev” (e.g., Stephenson 
2018) of open-source software R (http://www.r-project. 
org/) is used to fit the data to GEV distributions. We 
first apply the maximum likelihood method to obtain 
three parameters of cumulative frequency functions 
in each grid point using 50 annual maxima of the 
respective grid point. Then, we use the cumulative 
density function to calculate the return period of the 
maximum value in this event.
3.  Synoptic features of the record-breaking CAO 
event in January 2016
First, we briefly introduce the synoptic atmospheric 
field associated with the CAO. Figure 2a shows the 
sea-level pressure and its anomaly at 00UTC during 
16 – 24 January, 2016. On 16 January, the SH is 
located on the Central Siberian Plateau (around 65°N, 
100°E; refer to Fig. 1 for the name of places). During 
16 – 20 January, the center of the SH propagates west-
ward and southward. On 22 January, the SH reaches a 
maximum pressure higher than 1060 hPa; its anomaly 
exceeds twice the climate-mean standard deviation. 
Afterward, the SH propagates southward to southern 
China and the South China Sea, where many regions 
experience abnormally high pressure of more than 
three times the standard deviation. On 24 January, 
low pressure has developed over Japan. Between the 
SH and the low pressure, a strong pressure gradient is 
formed near the coast of the East Asian continent.
Figure 2b presents the evolution of 500-hPa geopo-
tential height and its anomaly during the same period 
as that shown in Fig. 2a. On 16 January, an intense 
ridge occupies the arctic region of Siberia (marked 
with “R1”) and lies slightly north of the surface SH. 
In the subarctic region at approximately 50°N, two 
cutoff cyclones are recognizable: one over the Sea 
of Okhotsk (“T1”) and the other over northeastern 
Mongolia (“T2”). The former moves westward, and 
the latter propagates eastward; they merge with each 
other on 18 January. The two cutoff lows proceed, 
respectively, westward and eastward. On 20 January, 
“T1” comes to Lake Baikal, and “T2” goes to the east 
coast of northern Japan. During 18 – 20 January, an-
other mid-level ridge (“R2”) propagates from Middle 
East to western Siberia. “R1” is merged with “R2” 
on 20 January, becoming indistinguishable from the 
propagating ridge (and marked with “R” hereafter). 
On 22 January, “T1” propagates southward to east-
ern Mongolia. “R” has a northeast–southwestward 
oriented axis and a large extent of anomalous high 
geopotential height exceeding twice the standard 
derivation. On 24 January, “T1” moves southeastward 
and forms a deep trough over the East China Sea. 
Northwestward of it is “R” with a winding anomaly 
pattern. Cheung et al. (2016) pointed out that this 
lower-tropospheric and upper-tropospheric circulation 
pattern on 22 January is favorable for the formation 
of extremely strong SH, which is also noted for other 
cold events (Takaya and Nakamura 2005a; Wang et al. 
2010; Cheung et al. 2013). Cheung et al. (2016) also 
described that the blocking due to “R1” on 16 January 
occurred simultaneously when the AO attains the peak 
of its negative phase.
4.  Quantifying cold air mass associated with the 
record-breaking CAO event
4.1 Evolution of the cold air mass
To provide further insight into the event, the 
evolution of the CAO in terms of cold air mass and 
cold air mass flux is depicted in Fig. 3. At 00UTC 
16 January, a thick cold air mass exists over the 
Sea of Okhotsk (marked with “C1”), with its depth 
exceeding 540 hPa. A thin cold air mass is located at 
Kolyma Lowland (“C2”). On 18 January, the thick 
cold air mass is established at southern Sakha (“C”), 
which is surrounded by mountains: Stanovoy Khrebet 
(mountain range; see Fig. 1), Khrebet Dzhugdzhur, 
and Verkhoyanskiy Khrebet. Over “C” and on the 
northern side of “C1”, a westward and northwestward 
cold air mass flux is dominant. To the southeast of 
“C1”, a strong southeastward cold air mass flux exists. 
These two fluxes of opposite directions elongate and 
sprit “C1”. During 18 – 20 January, “C” migrates west-
Journal of the Meteorological Society of Japan Vol. 97, No. 1280
Fig. 2. Time series of (a) pressure reduced to mean sea level and (b) geopotential height on 500 hPa during 16 – 24 
January 2016 at 00UTC. Contours show observed values. Shading shows its anomaly normalized by standard 
deviation. The contour interval is 4 hPa in (a) and 60 m in (b). Every fifth contour is bold. The labels “R” specify 
ridges, and “T1” and “T2” specify troughs.
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ward along the Stanovoy Khrebet, reaching northeast 
of Lake Baikal with a maximum depth above 540 
hPa over the Central Siberian Plateau. After reaching 
Lake Baikal, “C” undergoes a sudden change in its 
migration route from west to south on 20 January. 
On 22 January, “C” moves southward and is located 
on northeastern China. On 24 January, the center of 
“C” is located on the Sea of Japan. The edge of the 
cold air mass reaches farther to the south of Japan and 
southern China, including Amami-Oshima, Okinawa, 
Taipei, Guangzhou, and Hong Kong.
To investigate the cause of change in the distribu-
tion of the cold air mass, we show the 2-day mean 
tendency of the cold air mass and its contribution from 
respective mechanisms in Fig. 4. Figure 4a shows the 
cold air mass mean tendency. The positive cold air 
mass tendency region related to the earlier described 
thick cold air mass “C” is enclosed by circles: near 
southern Sakha during 16 – 18 January and north of 
Lake Baikal during 18 – 20 January. During 20 – 22 
January, it is located around Mongolia. The cold air 
mass rate of change has a dipole pattern during 22 – 24 
January: the positive tendency is located in eastern 
China, and a negative one is on the north of it near 
Lake Baikal. Figure 4b shows the mean cold air mass 
change rate due to cold air mass flux convergence, or 
adiabatic dynamical mechanisms. Its spatial pattern 
mostly coincides with the full rate of change of the 
cold air mass. By contrast, the diabatic generation rate 
of the cold air mass in Fig. 4c generally has a positive 
tendency over the continent. The negative tendency 
attributable to diabatic heating occurs mainly over the 
ocean surface, especially on the edge of the cold air 
mass.
Both adiabatic and diabatic mechanisms contribute 
to the cold air mass positive tendency related with “C” 
over the continent. To evaluate the relative importance 
of both mechanisms, we calculate the areal average of 
those terms over the grid box moving with the thick 
cold air mass. To do this, we first estimate the position 
of the “center of the cold air mass” using that of local 
maxima. We note that the local maximum thickness 
of the cold air mass displays some discontinuity in 
6-hourly diagrams because of the influence of the 
Fig. 3. Cold air mass (hPa; shaded) and cold air 
mass flux (hPa m s−1; arrows) during 16 – 24 
January 2016 at 00UTC. The labels “C1”, “C2”, 
and “C” represent the cold air masses referred in 
the text.
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terrain (figure not shown). To represent the inherent 
smooth movement of the air mass, here we estimate 
its 6-hourly track based on relatively precise positions 
at six specific days using cubic interpolation as shown 
in Fig. 5b. Second, we define the moving grid box 
such that its center coincides with the “center of the 
cold air mass” at the time, with its size about 1110 
km along the meridian and parallel over the center. 
Some of them are shown in Fig. 5b. Next, we define 
the value of the tendency term as the averaged value 
of its snapshot from two days before, intending to 
detect why the center is located there. For instance, 
the value on 18 January here is, in fact, the averaged 
value during 16 – 18 January. Finally, the moving-grid-
box mean tendency term is calculated by averaging 
the value over the box. The result is shown in Fig. 
5a. From the figure, we can see that the cold air mass 
change rate is always positive in the analyzed period. 
Around 18 – 19 January and after 22 January, the adia-
batic contribution exceeds 50 hPa day−1 and becomes 
dominant. The diabatic contribution, on the other 
hand, is relatively constant and always positive before 
06UTC 23 January and becomes negative when the 
cold air mass reaches the ocean region. Comparing 
two contributions, the value of adiabatic contribution 
is twice or larger than that of diabatic contribution 
most of the period. Consequently, the migrating cold 
air mass on the Asian continent as depicted in Fig. 3 is 
caused mostly by the adiabatic dynamical processes, 
whereas diabatic generation plays a secondary role in 
the intensification or maintenance of the cold air mass. 
Comparing the cold air mass and its flux in Fig. 3 to 
the synoptic pattern in Fig. 2, we note some relations 
between the two distributions. First, the thick cold air 
mass is collocated with the mid-level cutoff cyclone 
portrayed in Fig. 2b. During 16 – 20 January, the direc-
tion of the cold air mass flux over the thick cold air 
mass “C2” on Kolyma Lowland and “C” on southern 
Sakha is consistent with the geostrophic wind between 
the cutoff cyclone and a ridge on the arctic region. 
This is also the case of the cold air mass flux over the 
west side of the thick cold air mass on 22 January. 
The cutoff cyclone and propagating ridge northwest 
of it make a strong height gradient where the strong 
southward to southeastward fluxes exist. It is also 
shown that sea-level pressure contours are dense over 
there. Considering the features described above, the 
thick cold air mass seems to be closely related with 
the large-scale or synoptic-scale atmospheric fields.
Fig. 5. (a) Time series of areal averaged cold air mass tendency (black, bold) and contribution to it associated with 
cold air mass flux convergence (blue), cold air mass diabatic generation rate (red), advection of cold air mass by 
mean wind (orange, dashed), convergence of mean wind (green, dashed), and long-wave radiative cooling (pink, 
dotted). The averaging area is inside the box enclosed by the meridian and parallel whose center coincides with 
that of the cold air mass, which is shown as orange and blue points in Fig. 5b. Its size is about 1110 km along the 
meridian and parallel over the center. Tendency terms are calculated by averaging the values for two days, the end 
of which is the day denoted in the x axis. (b) Simplified trajectory of cold air mass. Orange points represent the 
position of the local maxima of the cold air mass on the time denoted by the orange text, and enclosing rectangles 
are the shape of the boxes. Blue curve and points are a path and the 6-hourly positions of the cold air mass estimat-
ed by connecting the orange circles using cubic spline.
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4.2 Advection and divergence of cold air mass
Considering that the adiabatic dynamical process 
plays a primary role, we further investigate the dynam-
ical mechanisms evolving the cold air mass using the 
newly introduced mean wind and tendency equation 
of (5). Figure 4d shows the time-averaged mean wind 
of the cold air mass and the rate of change of the 
cold air mass attributable to advection by the mean 
wind, i.e., the first term on the right-hand-side of 
(5). The positive rate of change of the cold air mass 
because of advection related to the thick air mass is 
collocated well with the rate of change because of the 
flux convergence of the cold air mass during 18 – 22 
January (c.f. Figs. 4b, d). For that reason, the cold air 
mass migrates much like a moving clump during the 
period, with a little change because of its gathering or 
creation. This can be also confirmed by Fig. 5a: the 
positive tendency of cold air mass adiabatic change 
is mostly because of the advection term in the period. 
During 22 – 24 January, the increase of the cold air 
mass caused by cold air mass advection is stronger 
than that caused by the convergence of cold air mass 
fluxes (Figs. 4d, 5a). The advection term has two peaks 
on 22 January: one on the Yellow Sea and Japan and 
the other on the south of the North China Plateau and 
reaching southern China. Many earlier reports have 
described that the cold surge tends to take the route 
along the eastern edge of the Tibetan Plateau (e.g., 
Zhang et al. 1997). Therefore, the peak on the south 
of the North China Plateau corresponds with the pre-
ferred path of the cold surge along the topography.
Figure 4e presents the contribution of cold air mass 
convergence by the mean wind to the cold air mass 
change rate. At 00UTC 16 January, convergence is ob-
served on southern Sakha. Around that region, strong 
northerly and northeasterly winds exist, which cor-
respond to the cold air mass flux over the northwest 
side of the cold air mass on the Kolyma Lowland, 
indicating that the cold air mass flowed from Kolyma 
Lowland converging to southern Sakha. Some strong 
divergence of the mean wind is apparent over the 
northwestern Pacific and southern Sea of Okhotsk 
during 18 – 20 January, the center of which is located 
around 42°N, 155°E. This region is where “C2” is 
located; therefore, strong divergence represents spit-
ting of “C2”. The mean wind blows northward and 
westward, in general, over the western and northern 
parts of the region to push the cold air mass to the ad-
jacent continent. As shown in Fig. 5a, the convergence 
of the mean wind explains well the positive tendency 
of the cold air mass before 00UTC 18 January. But 
after that, it makes at most a weak contribution to cold 
air mass development, and strengthening divergence 
begins after 06UTC 19 January to diminish cold air 
mass clump “C”. During 22 – 24 January, large-scale 
strong divergence regions are located on the coastal 
region of China and the East China Sea (Fig. 4e). 
A large part of the region is the same as that of the 
region of cold air mass increase caused by advection. 
Consequently, two processes are mutually offset there.
4.3  Factors contributing to cold air mass diabatic 
genesis and loss
We saw that diabatic generation is widespread 
over the continent, but the loss of the cold air mass 
has a much narrower distribution over the ocean. As 
inferred from the study of Boville (1985), Ding and 
Krishnamurti (1987), and Ding (1990), the diabatic 
generation of cold air mass is presumed to be because 
of radiative cooling. Figure 5a also represents the cold 
air mass change rate attributable to long-wave radia-
tive cooling. Before 23 January, cold air mass adiabat-
ic generation is almost explainable by the contribution 
from radiative cooling. Note that the contribution 
from radiative cooling is always positive even over 
the ocean. Therefore, it indicates that other dominant 
contributors to cold air mass loss exist over the ocean.
I14 suggests that the sharpness of the loss region is 
attributable to the warm ocean current at the western 
boundary of the Pacific. To detect what diabatic 
processes cause the negative tendency over the ocean, 
Fig. 6 presents the time average of cold air mass 
generation/loss rate during 22/12 – 27/00 UTC and 
its contribution from vertical diffusion heating and 
the sum of convective and large-scale condensation 
heating. Heating due to vertical diffusion affects more 
at the edge of the cold air mass probably because 
the cold air mass erodes when the sensible heat flux 
reaches 280 K isentrope. Surface upward sensible 
heat fluxes are strongly positive over the ocean where 
the cold air mass is located (not shown), and vertical 
diffusion may be the transporter of the flux. Therefore, 
what restricts the area of erosion is a reach of the flux, 
and the thin layer of the cold air mass is needed for 
erosion. By contrast, precipitation-related heating is 
widespread on the sea around Japan, which Papritz 
and Pfahl (2016) pointed out as an important factor 
for cold air mass erosion. When averaging in the box 
(120 – 140°E, 20 – 40°N) shown in Fig. 6, the mean 
loss rates of the cold air mass by vertical diffusion 
heating and precipitation-related heating are 29.2 and 
27.6 hPa day−1, respectively. Therefore, both processes 
equally contribute to cold air mass erosion.
J. YAMAGUCHI et al.February 2019 285
4.4 Evolution of negative heat content
Figure 7a shows the time evolution of the negative 
heat content and negative heat content flux. Overall, 
the thickness of the negative heat content shows a sim-
ilar spatial pattern but at a larger change rate as against 
its maximum than that of the cold air mass during 
16 – 24 January. During 16 – 20 January, the thick 
negative heat content grows to more than 9600 K hPa. 
It weakens rapidly during 22 – 24 January. Figure 7b 
presents the negative heat content generation rate 
caused by diabatic processes. The generation rate is 
largely positive and weak (about 1200 K hPa day−1) 
when on the continent, and it becomes negative and 
quite strong (less than −6000 K hPa day−1) when over 
the ocean surface. The thick negative heat content 
strengthens gradually when moving on the continent. 
It dissipates dramatically when touching the warm 
sea surface. The negative heat content loss region at 
00UTC 24 January is broader than that of cold air 
mass loss region in Fig. 4c. As pointed out by I14, the 
diabatic change rate of the negative heat content is 
determined by diabatic processes of all layers below 
the 280 K isentrope, in contrast to that of cold air 
mass. Therefore, the surface diabatic processes strong-
ly affect the loss rate of the negative heat content.
5. Abnormality of the event
The severe cold surge event of January 2016 is 
characterized by its extremely anomalous cold tem-
peratures and consequent rare snowfall. To this point, 
the event has been characterized in terms of its dy-
namical features. Hereinafter, we assess the cold surge 
from another viewpoint: the abnormal nature of the 
cold surge.
The return periods of various metrics associated 
with the cold surge are presented in Fig. 8. Figure 8a 
shows that the return period of the cold air mass gets 
longer with the southward location from the southeast 
of Lake Baikal to southern China and north of the 
southwestern islands of Japan. The maximum return 
period becomes greater than 200 years at the southern 
edge of the cold air mass, especially over eastern China. 
The return period of the negative heat content shows 
a similar spatial pattern with that of the cold air mass, 
but we can see a northward extension of the longer 
return period (more than two years) in Fig. 8d. The 
longer return period of the cold air mass flux in Fig. 
8b is also prominent south of 40°N, but it has a small-
er region located at central Mongolia north of 40°N. 
In addition, as depicted in Fig. 8c, the region of the 
return period of more than two years in mean wind is 
confined to areas south of 40°N. The abnormal mean 
wind of once in 20 years or more is experienced mainly 
in central and southern China and also around Okinawa 
Island. The results described above suggest that the 
intensity of circulation becomes abnormal when the 
Fig. 6. Time average of (a) the total cold air mass generation/loss rate and its contribution from (b) the sum of 
convective and large-scale condensation heating and (c) vertical diffusion heating from 12UTC 22 January to 
00UTC 27 January. The unit is hPa day−1.
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Fig. 7. (a) Negative heat content (K hPa; shaded) and negative heat content flux (K hPa m s−1; arrows). (b) Negative 
heat content tendency (K hPa day−1; contours) and negative heat content generation rate because of diabatic process-
es (K hPa day−1; shaded) during 16 – 24 January 2016 at 00UTC. The contour interval in (b) is 1600 K hPa day−1, 
and zero line is omitted. Dashed contours denote negative values.
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cold air mass reaches areas south of 40°N, whereas 
the cold air mass has already become rare in terms of 
its thickness before crossing the 40°N parallel.
As depicted in Fig. 3, the cold air mass thickness 
near the center of the cold air mass shows a little 
change during its lifetime. However, the longer return 
period on the Sea of Okhotsk, Kolyma Lowland, and 
Central Siberia Plateau is not noticeable. This region 
has thick cold air masses in climatological mean. A 
large gradient of climatological mean cold air mass is 
Fig. 8. Return period of the various metrics, including (a) cold air mass, (b) magnitude of cold air mass flux, (c) 
magnitude of mean wind, (d) negative heat content, and (e) surface temperature in this event (from 00UTC 14 
January to 18UTC 25 January; the values of (a – d) are evaluated using maxima, (e) using minima in this event). 
The gray area shows the values that cannot be fitted with a GEV distribution (e.g., block maxima data including 
many zeros or iteration not converging).
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located near Lake Baikal (Shoji et al. 2014). Conse-
quently, results suggest that the thick cold air masses 
“C1” and “C2” are not unusual, but migration of these 
cold air masses westward and southward makes the 
cold air mass thickness quite unusual. Considering the 
fact that the rarity of the cold air mass precedes that of 
the intensity of circulation, the southward migration 
of such a thick cold air mass is itself rather unusual. In 
other words, Fig. 8 suggests that it is a sufficiently rare 
event that such a thick cold air mass clump of Lake 
Baikal is swept southward thoroughly, even without 
considerable strength in terms of southerly impetus. 
Furthermore, in areas south of 40°N, southward mi-
gration of cold air mass occurs with strong southerly, 
which produces the CAO as an extreme cold surge for 
subtropical regions.
Figure 8e shows the return period of the surface 
temperature. A period longer than 100 years is seen 
mainly at the edge of the thick cold air mass, i.e., 
along the coast of eastern Asia, including the south-
ern China and southwestern island of Japan. This is 
consistent with many reports of record-breaking tem-
peratures and rare snowfall in this region, as referred 
in Section 1. Figures 8a, d show that the cold air mass 
and negative heat content are also record-breaking. 
Hence, Fig. 8 clarifies a characteristic of the cold 
surge event: the record-breaking cold surge event. As 
discussed above in this section, the record-breaking 
low temperatures over China and Japan are induced 
by the rare activities of cold air masses. 
Comparing Fig. 8a with Fig. 8e, we notice that 
the cold air mass return period is clearer than that of 
surface temperature. This might be explained by the 
characteristics of the vertically integrated features of 
the cold air mass, i.e., the cold air mass also includes 
information of large-scale synoptic abnormal char-
acteristics in the event. Of course, the definition of 
“intensity of extremeness” varies with the choice of 
variable. Figure 8e shows that the return period of 
surface temperature is consistent with our feeling of 
rarity. The return periods of cold air mass and its flux, 
as well as negative heat content, contain information 
related to the abnormality of the dynamical field in 
different aspects. Although a discussion about which 
definition is better is beyond the scope of our research, 
probably the abnormality of the isentropic cold air 
mass amount gives much information related to how 
the extreme weather occurs.
6.  Discussion on dynamical behavior of  
tropospheric circulation associated with CAO
6.1  Possible relation between CAO and upper-level 
circulation in a view of tropopause potential 
temperature
Previous sections indicated a possible relation be-
tween the evolution of cold air mass and background 
circulation. Here, we further discuss this relation 
for a better understanding of the dynamical cause of 
the CAO event. To link cold air mass and CAO to 
large-scale circulation, we use the method presented 
by Hoskins and Berrisford (1988). They defined a 
2-potential vorticity unit (PVU) surface as dynamical 
tropopause and considered potential temperature on 
the surface. With an adiabatic and frictionless motion, 
both potential temperature and potential vorticity are 
conserved following the motion in the Lagrangian 
sense. Therefore, the potential temperature on dynam-
ical tropopause functions as a tracer. In addition, the 
distribution of potential temperature on dynamical 
tropopause can be connected with balanced circulation 
because of the invertibility principle of potential vor-
ticity (e.g., Hoskins et al. 1985).
Figure 9 presents the potential temperature on 
dynamical tropopause. In climatology, the potential 
temperature is higher at lower latitudes and lower at 
higher latitudes, with equatorward potential tempera-
ture gradient. However, we can see the incursion of 
subtropical higher potential temperatures into the polar 
region in various places. An incursion of the high 
potential temperature into northern Siberia around 
75°N, 115°E is one of these (marked with “H1”). The 
eastern and southern sides of the high potential tem-
perature have lower potential temperatures below 300 
K (“L1” and “L2”). On 18 January, “H1” on northern 
Siberia is cut off from the high potential temperature 
ridge and is then located on the 90°E parallel. At this 
time, “L1” and “L2” are southeastward of “H1.” Com-
parison of Fig. 9 and Fig. 2 reveals that the location 
of the high potential temperature “H1” corresponds to 
the 500 hPa intense ridge R1 (Fig. 2b) and the surface 
SH (Fig. 2a): it may be the tropopause manifestation 
of the equivalent barotropic blocking ridge. Similarly, 
the low potential temperatures “L1” and “L2” on 
tropopause, respectively, correspond with the cutoff 
low “T1” and “T2” (c.f. Figs. 9, 2b). As explained by 
Pelly and Hoskins (2003), for instance, the cutoff high 
potential temperature may induce an anticyclone not 
only horizontally but also vertically and vice versa.
On 18 January, Fig. 9 shows another signal of 
massive scale leakage of high potential temperature 
J. YAMAGUCHI et al.February 2019 289
toward the north around the Caspian Sea on 50°E 
(“H2”). On 20 January, with close examination, one 
can see two high potential temperature regions around 
western Siberia. It represents that the potential tem-
peratures “H1” and “H2” are merged. The time of 
merging nearly coincides with that of the onset of SH 
amplification, possibly implying the superposition of 
two induced lower circulations of “H1” and “H2”. The 
quantitative degree of the resultant impact is calculat-
ed by Sato (2016). He found that the negative poten-
tial vorticity anomaly on western Siberia, which is the 
equivalent to the two high potential temperatures in 
our analysis, induces a positive height anomaly, which 
explains the +20 hPa amplification of the SH in the 
sea level pressure. On 22 January, the two anomalies 
“H1” and “H2” are already merged (and marked with 
“H”). The wave train of the potential temperature pat-
tern is clear, with its axis orienting from south of the 
Scandinavian Peninsula to the Korean Peninsula.
Taking into account the analysis of circulation, 
we may explain the possible linkage between the 
daily behavior of cold air mass and the properties of 
tropopause potential temperature. On 16 January, the 
circulation induced by “H1”, “L1”, and “L2” rep-
resents northerly and northeasterly geostrophic winds 
from the bottom to the top of the troposphere over the 
region including the Kolyma Lowland, which results 
in the cold air mass flux from the Kolyma Lowland 
to the basin of southern Sakha. On 18 January, the 
dipole-like distribution of “H1” and “L1” over Siberia, 
with high potential temperature around the Kamchatka 
Peninsula, forms easterly geostrophic wind throughout 
the troposphere over northern Siberia (Fig. 2). As a 
result, a copious amount of cold air mass, mainly over 
the valley of southern Sakha, is washed away to Lake 
Baikal. After 20 January, the tropopause high and 
low potential temperature couplet of “H” and “L1” 
in the wave train may induce northerly geostrophic 
wind over the western part of the cold air mass. On 
the lower troposphere, there is also intensified SH 
accompanying strong pressure gradients. As a result, 
the induced circulation because of the upper and lower 
tropospheric anomalies causes a strong cold air mass 
flow southward. The quantitative analysis to prove the 
linkage between the CAO and tropopause circulation 
needs further analysis using, for example, the poten-
tial vorticity inversion method. It should be our future 
work.
6.2  Some similarities and differences with typical 
CAO
Comparing to the statistic CAOs by Shoji et al. 
Fig. 9. Potential temperature (K; shaded) on the 
2-PVU potential vorticity surface at 00UTC 
during 16 – 24 January 2016. Labels “H1”, “H2”, 
and “H” mark the regions of high potential tem-
perature; “L1” and “L2” mark those of low po-
tential temperature referred in the text.
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(2014), our results show that this extreme cold surge 
event resembles the western CAO events of theirs. In 
western CAO, the cold air mass anomaly is accumu-
lated from a wide variety of ranges of Siberia to Lake 
Baikal. Then, it proceeds to inland China. Finally, it 
decays by diabatic heating near the isotherm of 280 
K SST line. These processes are similar to the cold 
surge event of January 2016. They also have many 
circulation features in common, including the south-
ward propagating SH and short-lived synoptic-scale 
Okhotsk Low. In addition, earlier studies found that 
this strong CAO of January 2016 is related with 
upper-level wave-train-type circulation (Cheung et al. 
2016; Song and Wu 2017), which is a well-known 
upper tropospheric circulation pattern associated with 
CAO (e.g., Takaya and Nakamura 2005a). However, 
as described in Section 5, this severe CAO of January 
2016 is far from a typical CAO in terms of the inten-
sity. Consequently, there must be something which 
makes the CAO quite unusual, and that is probably 
the feature before the beginning of the CAO. From 
our analysis, we identify that the thick cold air mass 
which causes the extreme cold surge migrates further 
from the Sea of Okhotsk and northeastern Siberia to 
the eastern side of SH. We also find the circulation 
pattern that blows the thick cold air mass westward, 
consisting of dipole pattern of blocking and cutoff 
low. These patterns resembles with the “Pacific-origin 
type” described by Takaya and Nakamura (2005b). 
The blocking over the arctic region of Siberia (“R1” 
in Fig. 2b), which characterizes the circulation pattern, 
should be necessary for accumulating thick cold air 
mass to Lake Baikal. It is eventually merged with the 
propagating ridge (“R2” in Fig. 2b). Therefore, this 
CAO of January 2016 may represent the result of 
the two circulation patterns that are favorable to the 
occurrence of CAO. They occur successively in a 
timely manner to produce the extreme CAO. We did 
not discuss the cause or rarity of the low pressure 
located on the east coast of Japan on 24 January. A 
possible connection may exist between the evolution 
of extratropical cyclone and the cold air mass of the 
Asian continent (Yoshida and Asuma 2004). The 
evolution of the low pressure associated with the 
CAO event remains an interesting topic that demands 
further investigation.
7. Conclusion
Using the isentropic method, we quantitatively 
analyzed the severe cold surge event that caused ex-
tremely low temperatures and rare snowfall over the 
mid-latitude and subtropical regions of East Asia on 
24 January 2016. The processes associated with the 
evolution of the cold surge are presented schematical-
ly in Fig. 10. The results of our analyses suggest that 
the thick cold air mass “C” is built up over southern 
Sakha through cold air mass convergence caused by 
the northerly and northeasterly flow of cold air masses 
from the Kolyma Lowland “C2” and advection from 
the Sea of Okhotsk “C1”. The thick cold air mass then 
migrates westward with easterly winds because of 
the dipole of the middle to upper-level blocking ridge 
and cutoff low. When the cold air mass reaches Lake 
Baikal, another ridge propagates from the Caspian 
Sea to the upstream of SH and intensifies it through 
superpositioning. The resultant middle to lower level 
meridionally oriented strong circulation then quickly 
guides the thick cold air mass southward. The south-
ward flux of cold air mass is divided into two parts: 
one proceeds to the southwestern islands of Japan and 
Taiwan, and the other migrates along the lee slope 
of the Tibetan Plateau and reaches farther to Hong 
Kong. The cold air mass finally extinguishes over the 
ocean. On the whole, the time evolution of the thick 
cold air mass is dominated by adiabatic processes, 
especially advection by the mean wind of the cold air 
mass when it is moving over the continent. Diabatic 
generation by radiative cooling plays a secondary role 
in the intensification/maintenance of the cold air mass 
on the continent. In the cold air mass decay processes 
over the ocean, both adiabatic and diabatic processes 
play important roles. We found out that both vertical 
diffusion heating and precipitation-related heating 
equally contribute to the diabatic erosion of cold air 
mass. The analysis of quantifying the abnormality of 
the severe cold surge event using the extreme value 
theory was also performed. The abnormality of the 
cold air mass thickness increases considerably as 
the cold air mass migrates southward, although the 
thickness itself shows a slight change, which suggests 
that the normal thick cold air mass from the Sea of 
Okhotsk and northeastern Siberia becomes abnormal 
during westward and strong southward migration.
Using the quantitative value proposed by I14, the 
relation between CAO and large-scale circulation can 
be clarified in this extreme cold surge. The variables 
of the isentropic cold air mass analysis are conserved 
during migration. Therefore, we succeeded in tracking 
the clump of cold air mass more than one week ahead 
of the outbreak of cold air to subtropical East Asia 
with dynamic consistency. Moreover, we found out 
that this analysis method is suitable for investigating 
the evolution processes of cold air mass. Equation 
(5) divides the factor of cold air mass evolution into 
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three parts, with the roles of respective factors dif-
fering from each other on the continent and over the 
ocean. In addition, the cold air mass and negative heat 
content of this analysis method show clear signals for 
quantifying the rarity of the extreme event from its 
integrated features: small-scale or thin-layer abnormal 
coldness is filtered out; large-scale cold events are 
emphasized. The region of long return period is notice-
able in this case of extreme cold. In summary, this 
study of the extreme cold surge that occurred in East 
Asia in January 2016 shows that the isentropic cold 
air mass analysis method has potential for describing 
extreme cold surges clearly and quantitatively.
Cold surges are associated with extreme weather 
conditions in the winter season. The variations of ex-
treme CAO occurrences in the warming climate have 
a significant implication for disaster prevention and 
mitigation. In past decades, the extreme low-tempera-
ture events have decreased dramatically over China, 
with a close relation to the global warming. Many 
studies also indicated a weakening of EAWM that may 
contribute to decreasing events of low temperature 
(e.g., Wang and Chen 2014). Although cold air masses 
at high latitudes may decrease (Kanno et al. 2016), the 
analysis of this study indicates that strong cold surges 
are still possible with anomalous strong southward 
movement guided by active wave trains. The deepen-
ing of low pressure over the warm moist ocean sur-
face may also play a role. During the winter of 2016, 
owing to the extreme cold surge events, 919 site-days 
of extreme low temperature were observed over main-
land China, which were much more than the climate 
mean since 1961 (approximately 520 site-days) and 
those in the last 10 years (approximately 200 site-
days). These significant features urge more analysis of 
CAO activities, especially those associated with ex-
treme cold surge events in the changing climate. The 
quantitative analysis based on the isentropic method 
may provide more details on the East Asian climate 
from the perspective of cold air masses. Further 
studies are warranted to provide more insight into the 
evolution of cold surge events and their long-term 
variations as well as the resultant extreme weather.
Fig. 10. Schematic diagram showing the evolution of the extreme cold surge event on January 2016. The blue circle 
with white text “C” marks the center of the cold air mass clump. Dark blue arrows indicate the propagation route. 
The light blue circle with text “C2” represents a cold air mass over the Kolyma Lowland on 16 January. The dark 
blue circle with text “C1” signifies a cold air mass over the northern Sea of Okhotsk on the same day. The light 
blue arrow shows northeasterly on 16 January. The green hatched circle shows the cold air mass convergence area 
on the same day. The area painted orange shows 500 hPa ridges: one north of 60°N is a ridge in the arctic region 
of Siberia during 16 – 18 January; the other is a propagating ridge on 22 January. Orange arrows indicate 500 hPa 
wind related with the ridges. The circle painted purple shows the cutoff low at 500 hPa on 22 January. Purple 
arrows indicate 500 hPa wind related with the cutoff low. The circle painted blue marks the area around the center 
of the Siberian High on that day. On the background map, the areas shaded light and deep blue, respectively, show 
areas above 750 and 1500 m in geographical height.
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